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FOREWORD 

The work described herein was performed by the General Electric 
Missile and Space Division under NASA Contract NAS 3-8500 to design 
three electromagnetic pumps for possible use as boiler feed pumps in 
Rankine cycle, space electric power systems. Mr. James P. Couch of 
the Space Power Systems Division, NASA-Lewis Research Center, was the 
Technical Manager. 
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A design study program initiated by NASA to determine three specific EM 
pump designs for possible use as boiler feed pumps in Rankine-cycle, space 
electric power systems is described. The three designs were: 

1) 9 lb/set, 240 psi pump for 1000°F potassium using a T-111 duct 

2) 9 lb/set, 240 psi pump for 1000°F potassium using a 316 SS duct 

31 3.25 lb/set, 240 psi pump for 1000°F potassium using a T-111 duct 

A specific design for each of these ratings is described in detail. Complet,e 
calculated performance and evaluation for each design is also presented. 

Final design selection for each rating was based on efficiency, reliability, 
weight and fabricability. In general, efficiency was optimized. 
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NOMENCIATURE 

Units are not indicated since relationships used are valid in any consistent 
system of units. Units are indicated where numerical values are given in the 
report. 
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I. SlJMbIARY 

A design study program to determine the feasibility and suitability of 
using electromagnetic pumps as the boiler feed pumps in Rankine-cycle space 
electric power plants has been performed. A specific application involving 
three different designs was considered. 

Reference 1 evaluates several types of EM pumps for space applications. 
Rased on the conclusions reached in Reference 1 and the specific ratings con- 
sidered in the present study (i.e., relatively low flow and high pressure), 
a three phase helical induction type EM pump was selected. For the ratings 
required, the helical EM pump is extremely reliable, has low weight and can 
be designed for relatively high efficiency and overall good performance. 
Several design concepts and arrangements for the basic helical induction EM 
pump were evaluated. The particular design concept selected, based on relia- 
bility and feasibility, consists of a canned, hermetically sealed stator filled 
with an inert-gas heat-transfer medium, and a completely sealed duct environ- 
ment, also filled with inert gas. This results in a completely sealed pump with 
the stator region isolated from the duct region by a thin can in the stator bore 
which prevents outgassing products from the stator from reaching the pump duct. 

Three helical induction EM pump designs were optimized to meet design point 
requirements. These designs were selected primarily on the basis of efficiency, 
fabricability and weight. Efficiency was optimized insofar as possible. These 
designs have relatively high efficiency and low weight compared to previously 
built commercial EM pumps. 

One optimum design is a helical induction electromagnetic pump rated at 
3.25 lb/set (32.8 gpm), 240 psi developed head, 1000°F potassium with 7 psi 
net positive suction head. This pump is capable of operating continuously 
at its rated point with an efficiency of 20 percent. It is also capable of 
operation over a range of temperatures from 900' to 13OO"F, a range of flows 
from 1.5 lb/set to 4.25 lb/set and at developed pressures up to 250 psi. The 
final design is based upon an NPSH of 7 psi at the rated point although within 
certain limitations of flow it can operate at an NPSH as low as 3 psi. Other 
performance characteristics of this pump are listed in Table 1. 

A helical induction EM pump rated at 9 lb/set (90.7 gpm), 240 psi developed 
pressure, 1000°F potassium with 7 psi NPSH was also designed. This design used 
a T-111 duct, but a 316 stainless steel duct was also designed as an alternate 
arrangement. Performance characteristics for both ducts at this design point 
are listed in Table 2. 

These designs utilize high temperature structural, electrical, magnetic 
and insulation materials to permit operation of the complete pump at tempera- 
tures above 600°F. The electromagnetic stator is cooled with NaK at 600-700°F 
and is designed to operate at temperatures up to 1000°F by using nickel-clad 
silver wire, Hiperco 27 magnetic material and a completely inorganic electrical 
insulation system. The duct can handle potassium up to 1300°F and is made of 
T-111 alloy refractory metal. 
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Complete design layouts and calculated performance characteristics for 
each design are presented. Detailed descriptions of the designs as well as 
many of the detailed calculations and a disCussion of the performance and 
several design parameters are also included. 
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II. INTRODUCTION 

An extensive research program investigating all types of EM pumps for 
several different space applications was reported in Reference 1. In addition, 
many commercial EM pumps have been developed, designed and built for liquid 
metal test facility loops and sodium cooled nuclear power plants. All these 
pumps have exhibited excellent reliability and performance. Extensive develop- 
ment work has also been done on high temperature materials for use in space 
applications as reported in References 2 through 6. Based on this background 
it appears feasible to consider the use of F&l pumps for space electric power 
systems provided the efficiency can be improved and weight reduced compared to 
the commercial variety. 

To prove feasibility, an analytical design study to determine three 
practical, optimum EM pump designs for possible use as boiler feed pumps in 
Rankine-cycle, space electric power systems was conducted. The three specific 
designs, as identified by their design point characteristics, were as follows: 

1) 9 lb/ set flow rate, 240 psi developed head, lOOOaF potassium, 
7 psi NPSII, using T-111 pump duct material. 

2) 9 lb/ set flow rate, 240 psi developed head, 1000°F potassium, 
7 psi NPSY, using 316 stainless steel pump duct material. 

3) 3.25 lb/set flow rate, 240 psi developed head, 100Q"F potassium, 
7 psi NPSK, using T-111 pump duct material. 

To determine these specific designs and obtain the best balance among 
weight, reliability and efficiency, several hundred design variations are 
considered, analyzed and evaluated. The scope of work required also includes 
complete electrical, mechanical, hydraulic and thermal analysis of the final 
designs, selection of the basic materials to be used, evaluation and selection 
of the basic design concept and preparation of design layout drawings which can 
be used to produce manufacturing drawings. 

These final designs represent a basic part of the overall program of 
applying EM pumps to space electric power plants. The designs determined in 
this study can be built and tested to confirm their suitability for space 
applications. 
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III. DESIGN DESCRIPTION 

A. Principle of Operation 

In all EM pumps a body force is produced on a conducting fluid by the 
interaction of an electric current and magnetic field in the fluid. This body 
force results in a pressure rise in the fluid as it passes from the inlet to 
the outlet of the EM pump. This body force is analogous to the familiar 
fundamental principle of force on a current carrying conductor in a magnetic 
field which is the operating principle of many common electromagnetic devices. 

The polyphase helical induction EM pump employs this principle in the 
same manner as a polyphase induction motor. The pump contains an electromagnetic 
stator assembly and a duct assembly in the stator bore. When power is applied 
to the three phase stator winding a revolving magnetic field is produced in the 
stator bore. This magnetic field induces voltage in the conducting fluid 
contained in the duct, and as a result of this induced voltage, currents will 
flow in the fluid. These currents interact with the magnetic field to produce 
a body force on the fluid causing it to move through the duct thereby developing 
pressure. The proJsure gradient at any point in the fluid is proportional to 
the product of magnetic field strength and the component of current density 
perpendicular to magnetic field strength. The total pressure rise developed by 
the pump is the integral of this pressure gradient over the axial length of flow 
passages in the pump duct. 

B. General Arrangement 

The general arrangement for all three specific designs determined in this 
study is basically the same. Figure 1 is the design layout for the 3.25 lb/set 
pump which consists of four major parts: the pump duct, the heat exchanger and 
frame, the stator and the thermal insulation. Figures 2 and 3 show the 9 lb/&c pumps. 

In the configuration shown in Figure 1, flow enters the pump duct through 
the schedule 10 inlet pipe into a short annular region, then into and through 
the helical passage where pressure is developed by the electromagnetic body 
force on the fluid. After leaving the helical passage the fluid flows back 
through the center return leaving the pump through a schedule 10 outlet pipe 
at the same end it entered. 

In order to permit operation at relatively low NPSH the first two turns 
of the helical flow passage have a larger cross-section than the remaining 
turns. In this way low fluid velocity is maintained near the pump entrance 
where the NPSH is low. As pressure is developed in the helical passage the 
velocity is increased. After the second turn of the helix the.velocity is 
maintained at a relatively high value for the remainder of the pumping section 
to permit more efficient pumping. 
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The pump is cooled by means of a heat exchanger around the periphery of 
the pump frame. The heat exchanger consists of a machined helical passage with 
an inlet pipe at each end and an outlet pipe at the center of the pump frame 
region adjacent to the stator. Heat is conducted from the windings through 
the stator core to the frame where the heat is removed by circulation of liquid 
metal coolant through the heat exchanger. 

The stator core and windings are completelyenclosed and sealed by the 
frame, end shields and a thin can inside the stator bore. This enclosed 
stator region will be filled with an inert gas to facilitate heat transfer 
between the windings and the stator laminations and on to the frame. Electrical 
power is transmitted to the stator windings through hermetic lead seals in the 
pump frame. The thin can, besides sealing the stator cavity region, acts as 
a protective shield to prevent outgassing products from the stator from reaching 
the duct. 

The region between the duct and the stator can contains thermal insulation 
consisting of several layers of rippled metallic foil. This region is sealed 
from the outside environment by a bimetallic sleeve at the inlet/outlet end 
welded between the end shield and the duct. By sealing this region, secondary 
back-up is provided for the stator can which is an additional reliability 
feature of the design. This space between the duct and stator can is also 
filled with an inert gas to approximately the same pressure as the gas in the 
stator region. 

C. Stator Assembly 

The stator consists of a laminated punching stack and form-wound coils 
arranged to form a two pole magnetic field revolving at 60 revolutions per 
second, three phase power. Selection and evaluation of the specific electrical, 
magnetic and insulating materials for the stator assembly were based primarily 
on prior development work done under government contract. The results of this 
work and the data generated are contained in References 2 through 6. 

The punching stack consists of magnetic laminations which provide a low 
reluctance path for the magnetic flux as in a conventional induction motor 
stator. The strength requirements for the stator laminations are not severe. 
Since the frequency is relatively low (60 cps), low loss is not essential either. 
The main requirement is that the material maintain its highly magnetic character- 
istics at its operating temperature which will be between 700°F and 900°F. The 
magnetic material for these laminations will be Hiperco 27 approximately 0.025 
inches thick. For the conditions of operation and in this lamination thickness, 
Hiperco 27 has excellent magnetic characteristics, good thermal conductivity 
and reasonably low loss. Each lamination contains 24 slots for the stator winding. 

Interlaminar insulation is provided by a plasma sprayed alumina coating 
on each lamination. This coating will be approximately 0.001 to 0.002 inches 
thick. 
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The stator cores for each 9 lb/ set pump are identical; the core for the 
3.25 lb/set pump is very similar, being different only in certain dimensions. 
A comparison of the important dimensions is as follows: 

Core length 

Bore diameter (punching) 

Outside diameter (punching) 

Slot width 

Slot depth 

9 lb/set pump 3.25 lb/set pump 

18" 10" 

4.4" 4.1" 

11.25" 10" 

.412" .386" 

2.4" 2.1" 

These dimensionsj among others, are shown in Figures 1, 2, 3, 6 and 7. 

The stator laminations are held together by 8 building bars of rectangular 
cross-section spaced uniformly around the outer periphery of the punching stack 
and welded at each end to a welding ring to form a tightly compressed stack of 
laminations. The stator core has an interference fit at its outer periphery 
with the pump frame thereby insuring good heat transfer from the stator to the 
heat exchanger. In addition, two dowel pins are inserted through the frame into 
one of the welding rings to properly position the stator core. 

Form wound coils are inserted in the 24 slots of the stator core. The 
conductor material will be nickel-clad silver wire having a conductor cross- 
section area of 20% nickel. This conductor material has an acceptable electrical 
conductivity at the operating temperature range of 900°F to 1000'F. The elec- 
trical conductivity of this conductor material is one of the major factors con- 
tributing to the relatively high pump efficiency. Other considerations given to 
conductors for high temperature operation include thermal conductivity, physical 
strength, creep and rupture strength, resistance to oxidation both during pro- 
cessing and normal operation, thermal diffusion stability, and the ease with 
which joint fabrication and other manufacturing processing can be accomplished. 
The nickel-clad silver conductor meets the additional considerations cited within 
the limitations now defined. At some future time, after the thermal cycling 
requirements have been established, the creep and rupture fatigue properties must 
be reappraised in the light of the thermal cyclings requirements. 

The conductor insulation will be an Anadur coating, except that an "S" glass 
will be used in lieu of an "E" glass. The "S" glass will provide higher physical 
properties for the temperature range of 900°F to 1000°F. Specifically, a double 
Anadur coating will be used; this is consistent with the design practice applied 
to motors for industrial, utility, and special applications where double glass 
served conductors are used in lieu of single glass served conductors. 
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The slot insulation, coil layer separators, and slot wedges will be high 
purity, 99.5 percent or greater, alumina which has been solid molded. These 
are delineated in Figures 4 and 5. The slot insulation will consist of three 
pieces, a bottom U-shaped piece and two side sheets as shown in these figures. 
A one piece U-shaped slot tube is not feasible from a manufacturing and handling 
standpoint. The slot insulation and separators will be approximately 0.025 
inches thick while the wedges will be l/8 inches to 3/16 inches thick in each 
design. 

The coils can be inserted into the stator core to form either a single 
layer or double layer winding arrangement as shown in Figure 6 for the 3.25 
lb/set design and Figure 7 for the 9 lb/set design. For comparison these 
figures show one coil inserted in appropriate slots for the single layer wind- 
ing pattern and two coils inserted in appropriate slots for the double layer 
winding pattern. The complete double layer winding arrangement contains twice 
as many individual coils, each coil having only half as many turns, compared 
to the single layer winding arrangement. From a performance standpoint the 
two arrangements are equivalent. The design layouts shown in Figures 1 and 
2 were made using the double layer coil arrangement. The single layer arrange- 
ment does not change any of the significant dimensions in these figures, only 
the delineation of the winding. 

The coil cross-sections as established in this design study are shown in 
Figures 4 and 5 which are drawn for the double layer coil arrangement. For 
the 9 lb/set designs each coil consists of four turns (2 turns double layer) 
of rectangular wire, 0.075" x 0.165" six wires in hand, each strand insulated 
with a double coating of Anadur. Each coil of the 3.25 lb/set design consists 
of four turns (2 turns double layer) of rectangular wire, 0.063" x 0.150" six 
wires in hand, each strand insulated with a double coating of Anadur. The 
complete stator winding consists of twenty-four coils (48 coils if double 
layer winding arrangement is used), each coil spanning ten teeth thereby giving 
516 pitch. The stator winding has 32 turns in series per phase and is connected 
in a 1 circuit, 3 phase delta-connection for the 9 lb/set pump and 1 circuit 
3 phase Y - connection for the 3.25 lb/see pump. 

The final decision on specific coil arrangement, the final coil and in- 
sulation geometry, the need and choice of a winding impregnating material and 
coil end bracing must be appraised and evaluated based on the physical charac- 
teristics of the materials involved; e.g., the handling characteristics of the 
wire. 

D. Heat Exchanger and Frame 

Surrounding the stator core is the pump heat exchanger and frame. Liquid 
metal coolant, NaK, is circulated through the helical passage in the heat 
exchanger to remove heat conducted from the windings through the stator core. 
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Figure 6. Punching and Coil Layout (3.25 lb/set Pump). 
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Figure 7. Punching and Coil Layout (9 lb/set Pump). 



The material selected for the pump frame and heat exchanger is Hastelloy 9. 
This material has adequate strength at operating temperature, is a satisfactory 
containment material for the liquid coolant (NaK) in the heat exchanger and 
comes quite close to matching the thermal coefficient cf expansion of the 
Hiperco 27 stator core. By matching the thermal expansion of the Hiperco 27 
stator core, the interference fit between the heat exchanger and the core is 
easily maintained. Hence good heat transfer between the core and heat ex- 
changer is assured at operating temperature. Beyond the ends of the heat 
exchanger, the pump frame material will be Inconel. The end shields and 
stator can in the stator bore are also Inconel to permit easier fabrication 
and joining. The heat exchanger, frame, end shields and stator can provide 
all welded construction and form a completely sealed envelope around the 
stator assembly. The only penetrations through this envelope will be the 
hermetic lead seals to transmit power to the stator windings, thermocouple 
wells to provide means of monitoring stator winding temperature and an 
evacuation plug to provide a means of leak testing the unit, evacuating the 
slator region and filling with inert gas. All these penetrations will be 
c,ompletely scaled by brazed or welded .joints. 

Most 01 the dimensions for the heat exchanger and frame are shown in 
Figures 1 and 2. 

E. Duct 

The T-111 duct for the 9 lbj'sec design is shown in Figure 2. Decause 
the allowable design stresses l'or T-111 arc so high at operating temperature, 
the minimum duct wall thickness is limited by fabrication considerations and 
material homc,gencity rather than by stress considerations. The axial length 
of the helical duct for this design is approximately 22 inches with the overall 
length including inlet/outlet connector being about 40 inches. The outside 
diameter of the duct is 4.4 inches. Ct,oss-sectional dimensions of the 
machined helical passage are also shown in Figure 2. 

The T-111 duct for the 3.25 lb/set design is delineated in Figure 1. It 
is similar to the above T-111 duct except its outside diilmeter is 4.1 inches, 
axial 1cnnLh cpf helix is 13 inches and overall length is 31 inches. The flow 
passage cross-sectional dimensions are also somewhat different and shown in 
Figure 1. 

The 316 stainless steel duct for the 9 lb/set pump is shown in Figure 3. 
This duct is interchangeable with the T-111 duct for the 9 lb/set pump shown 
in Figure 2; i.e., it has the same outside diameter and overall length and 
will lit into the same stator bore. Both 9 lb.lsec pump designs use the same 
stator design. Due to stress limitations of stainless steel the wall thick- 
ncsses are increased Lo about 0.090 inches. To accommodate this increase in 
wall thickness the helical flow passage is more shallow and slightly wider. 
In lhis way the same flow passage cross-sectional area and fluid velocity 
3s maintained. Because of the higher electrical resistivity of stainless 
steel relative to T-111, the electrical losses in the stainless steel duct 
are less (even though the duct walls are thicker) and hence the overall pump 
efficient-y is slightly higher. 
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In both the T-111 and 316 stainless steel duct, the first turn of the 
helical flow passage has a rather large cross-sectional area to permit low 
fluid velocity at entrance and hence operation at lower NPSH. The cross- 
sectional area of the second turn gradually changes from this relatively large 
area to a smaller area which is maintained for the remaining turns of the helical 
passage. During this second turn the velocity increases to its final, relatively 
high, value for more efficient pumping during the remainder of the duct. This 
variable fluid velocity is accomplished in the duct by employing a dual pitch 
for the helix. The machined helix has a pitch of 1.86 inch for the first two 
turns and 1.08 inch for the remaining turns in the case of the 9 lb/set T-ill 
duct. The 9 lb/set 316 stainless steel duct has a pitch of 2 inch for the first 
two turns of the helix and a pitch of 1.16 inch for the remaining turns. The 
3.25 lb/set T-111 duct has a pitch of 0.85 inch for the first two turns and a 
pitch of 0.57 inch for the remaining turns. 

Enclosed between the helical flow passage and the center return pipe is 
a center iron core. This center iron core consists of magnetic laminations 
(washers) of Hiperco 27 having the same thickness and same interlaminar insu- 
lation as the stator core laminations. These laminations are held together 
in a tight stack and positioned by a key and ring at each end which is welded 
to the center return pipe of the duct. 

F. Thermal Insulation 

The thermal insulation between the duct and stator can consists of 
several layers of laminated strips of rippled metallic foil. It is recommended 
that these strips be about 0.5 inch wide by 0.002 inch thick with the ripples 
being 0.010 inch to 0.015 inch deep. The foil should be Cb-l$Zr (or similar 
refractory metal) for the T-111 ducts. Stainless steel foil is satisfactory 
for the 316 stainless steel duct. 

The thermal insulation region is sealed by the bimetallic sleeve welded 
between the end shield and duct as shown in Figures 1 and 2. After assembly 
this region is to be evacuated and filled with argon. 
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IV. DESIGN EVALUATION 

A. Evolution of Design Concept 

The removal of the EM pump heat losses in the space environment requires 
special design effort and, hence, several design concepts and arrangements for 
the helical induction EM pump were considered and evaluated. 

Two basic design concepts considered were: 

1) Gas-filled stators 

2) Open-to-space stators 

The gas-filled stators use the thermal conductivity of a gas, which fills 
all the voids between the conductors and the slots and elsewhere in the stator 
winding cavity, to assist heat conduction from the windings to the heat ex- 
changer. In the open-to-space stators heat transfer is primarily by conduction 
through solids from the windings to the heat sink, and hence good contact 
between solids with no voids must be obtained. 

Five specific stator cooling arrangements based on these two basic concepts 
have been investigated from the standpoint of structural feasibility and heat 
transfer capability. The design evaluation was based on the design point 
conditions of 240 psi developed head and 9 lb/ set potassium flow at 1000°F 
entering the pump with a 7 psi net positive suction head. 

The five specific arrangements considered were: 

1) Hermetically Sealed Designs 

a) Canned Pump 

b) Canned Stator 

2) Open-to-Space Designs 

a) Potting Compound Conduction Cooling 

b) Conduction Cooling (Heat Transfer Blocks) 

cl Liquid Metal Cooled Conductors (Conductor Tubing) 

Under the grouping of hermetically sealed designs the entire EM pump can 
be enclosed and filled with an inert gas (canned pump) or the stator cavity 
only can be canned (canned stator). 

In the canned EM pump concept, a hermetically sealed shell enclosure 
surrounds the entire pump structure. The duct is inserted from one side and 
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attached to the shell by a collar. An inert gas fills all the voids and 
cavities between the duct and outer shell. Heat is removed from the winding 
end turns by conduction along the winding to the stack, then through the stack 
and shell to the liquid NaK coolant. This concept results in a very rugged, 
reliable structure. 

The canned stator differs from the canned pump design in that two con- 
centric cylinders are sealed at each end to enclose the stator only. The 
inner cylindrical can is inside the stator bore, and since it lies in the 
rotating magnetic field, eddy current losses occur in it. In order to keep 
these losses small, a very thin wall design and a material with high electrical 
resistivity are chosen for the stator can. 

The canned stator requires some additional support structure to maintain 
the pump duct in its correct position. It is a slightly less reliable design 
than the thicker walled canned pump, due to the thin stator can being part 
of the containment for the gas in the stator cavity. However, it has the ad- 
vantage of isolating the stator region from the duct and thereby preventing 
outgassing products df the winding from reaching the duct. From the winding 
and stack heat transfer standpoint, both these arrangements are equivalent 
because both rely on the thermal conductivity of a gas in the stator cavity 
at interfaces and voids between solid members. 

In open-to-space stators the gas can be replaced by a potting compound. 
This potting compound is poured into the voids as a liquid and solidifies. It 
has the advantage of cementing the windings together to form one solid block. 

Since most potting compounds have a higher thermal conductivity than gases, 
better heat transfer from the end turns might result, but this assumes that all 
voids would be completely filled. As yet', there is no potting compound available, 
which can fill the voids as adequately as a gas and which has a sufficiently 
flexible thermal expansion capability to preclude cracking or losing surface 
contact with the conductor strands and stator core. 

The winding conduction cooling arrangement uses the principle of applying 
positive contact pressure between flat electrical conductor surfaces and flat 
ceramic plates which act as thermal conductors and electrical insulators. Metal 
oxides, such as alumina or beryllia, can be used as interfaces for these heat 
transfer blocks. These metallic oxide interfaces could be thin and of the same 
order of magnitude as the electrical insulation thickness. The design approach 
would be to apply such heat transfer blocks locally at the end turns where they 
can also be used as a winding support structure. Room at each end of the stack 
around and adjacent to the end turns can be made available for positioning these 
heat transfer elements. 

The present two-pole EM pump design uses several turns per coil. Since 
the heat losses have to be removed individually from each turn the present winding 
layout arrangement requires approximately 288 small heat transfer blocks per end. 

The heat transfer block winding cooling system designed for an open-to-space 
stator might possibly achieve a low temperature rise of approximately 180UF above 
coolant entrance temperature, but such a system is very complex and would require 
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extremely close mechanical tolerances, besides introducing some reliability 
concern with so many (288 per end) heat transfer contact blocks. Each heat 
transfer block would have to assure a positive clamping pressure. Close to 
the rows of such radially locked-in heat transfer blocks, circumferentially 
arranged liquid metal coolant passages would also be required. In order to 
simplify such a heat transfer block stator cooling system, the electrical 
pump design would have to be compromised to fewer turns per coil, which means 
higher input currents and much lower voltages resulting in an impractical 
design. The reliability of such heat transfer blocks has not been proven. 
At the present time their application appears more suitable for space generator 
designs with a one turn per coil winding arrangement. 

Water cooled hollow copper conductors are commercially available, some in 
standard sizes ranging from outside diameters of 0.144 in. to 0.46 in. In 
turbogenerators, for example, multi-turn windings with liquid headers have been 
installed. In the present case of a liquid metal cooling system, hollow silver 
conductors with stainless steel cladding inside and outside would be required. 
Since NaK is also a good electrical conductor, it, too, would carry current. 

The necessary hydraulic arrangement for the coolant flow and the electrical 
grounding requirements of such a system add greatly to its mechanical complexity. 
The feasibility and reliability of this system as applied to this EM pump design 
is not readily predictable. 

Since a very even winding temperature could be achieved, with this system, 
it might produce the lowest winding hot spot temperature for open-to-space EM 
pump designs. However, similar to the heat transfer block design, it is better 
suited to a very small number of turns per coil. The interaction of a moving, 
electrically conductive liquid in the hollow conductors within the magnetic 
field has not been evaluated. 

None of the three "open-to-space" heat transfer systems as discussed, can 
be readily applied to a feasible, highly reliable, optimum EM pump design. All 
three are only in the conceptual design phase and no record of functional 
reliability has been established. 

The gas-filled stators have been built and have established excellent 
reliability records, besides having adequate heat transfer systems, For this 
reason, the "gas-filled stator concept" has been chosen as the most reliable 
and feasible for the final design. The final design is really a combination 
of the canned pump and canned stator arrangements for the utmost reliability. 
The entire pump is completely sealed within a rugged frame structure, and in 
addition, a thin can is inserted into the stator bore to isolate the winding 
cavity from the immediate duct environment. 
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B. Design Performance and Characteristics 

The operating performance of the pump is calculated through the use of an 
equivalent circuit as explained in Section V.A, the solution of which has been 
programmed for a digital computer. This equivalent circuit Is shown in Figure 8. 
Performance curves, shown in Figures 9 through 17, and tabulated values in Tables 
1 and 2, show overall calculated performance characteristics for the final de- 
signs. Additional calculated results and design characteristics are presented 
in detail in Tables 3, 4, 5, 6 and 7. 

In addition to these results, certain operational limits and conditions 
are necessary to insure satisfactory operation throughout the pump's life. The 
principal operational limits are as follows: 

1) Duct and fluid temperature 1300°F maximum 

2) Stator coolant flow rate - NaK 6 gpm minimum 

3) Duct pressure 350 psia maximum 

4) Stator cavity pressure at Room Temperature 6 psia minimum 
9 psia maximum 

5) Net positive suction head See Table 8 

6) Stator coolant inlet temperature - NaK 700°F maximum 

The limitation on duct and fluid temperature and pressure is primarily one 
of strength. The duct was originally designed mechanically to safely withstand 
pressures up to 300 psi at 1300°F maximum. Due to manufacturing limitations 
with T-111 alloy, the T-111 ducts actually have somewhat thicker walls than 
necessary from purely a stress standpoint. Although the maximum recommended 
pressure is 300 psi, the T-111 ducts are capable of withstanding 350 psi for 
short periods of time at 1300°F. From an operational standpoint the pump is 
designed for continuous operation at 1000°F and rated flow and developed 
pressure. It is capable of short time operation at 1300°F at a maximum de- 
veloped pressure of 250 psi. 

The limitation on stator coolant flow rate and temperature is based on 
the heat exchanger design and a reasonable limit on winding temperature of 
1000'F maximum hot spot and 880°F average. The winding and insulation system 
is capable of temperatures .in excess of these amounts. However, both perfor- 
mance and life will be somewhat affected. All calculations are based on an 
electrical resistivity of the conductor material at an average temperature of 
880°F. Average temperatures above this will cause increased winding resistance 
and losses and lower efficiency. 

The limitation on stator cavity pressure depends on both mechanical and 
electrical considerations. The maximum pressure of 9 psi at room temperature 
is a mechanical limitation. At operating temperature the pressure in the 
winding cavity increases by a factor of almost three. To minimize weight the 
frame structure has been mechanically designed for maximum internal pressures 
of about 25 psi. Hence, at room temperature internal iuinding cavity pressure 
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Figure 0. Equivaknt Electric Circuit for Helical EM Pump. 
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Figure 9. Calculated Performance - Pressure vs Flow EM Pump for Space Power System, Boiler 
Feed Application. Rating: '32.8 GPM, 240 PSI, 1000°F, Potassium. T-111 Duct. 



60 

Power Factor 

15 
* 
1 
h 

5 

I 
Y I 

20 25 30 35 40 45 50 
Flow *GPM 

Figure 10. Calculated Performance - Efficiency and Power Factor vs Flow EM Pump for 
Space power System Boiler Feed Application. Rating: 32.8 GpM, 240 PSI, 
lOOO'F, Potassium T-111 Duct. 
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Figure 1'1. Calculated Performance - Power Input vs Flow EM Pump for Space Power System, Boiler 
Peed Application. Rating: 32.8 GPM, 240 PSI, 1000°F, Potassium T-111 Dust. 
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Figure 12. Calculated Performance - Pressure vs Flow EM Pump for Space Power System, 
Boiler Feed Application. Rating: 90.7 GPM, 240 PSI, 1OOO'F Potassium. 
T-111 Duct. 
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(T-111 Duct). 
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Figure 75. Calculated Performance - Pressure Vs. Flow (316 SS Duct). 
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Figure 17. Calculated Performance - Power Input Vs Flow 
(316 SS Duct). 
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TABLE 1. CALCULATED PERFORMANCE CRARACTERISTICS HELICAL INDUCTION EM PUMP 
(3.25 lb/set Design) 

T-111 Duct 

Fluid Potassium 

Fluid Temperature (OF) 1000 

Flow Rate (GPM) 32.8 

Developed Pressure (PSI) 240 

Power Output (KW) 3.42 

Power Input (KW) 17 

Efficiency (%) 20 

Input (KvA) 36 

Power Factor (X) 47 

Weight (lbs.) 382 

Winding Temperature Rise - Hot Spot (tiF) 275 

Winding Temperature Rise - Average ("F) 170 

Heat Exchanger Requirements 
- Flow (GPM) 
- Pressure Drop (PSI) 
- Total Heat Load (KW) 
- Coolant Inlet Temperature (OF) 

6 
9 
6 
650 

-- 
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TABU 2. CALCULATED PERFORMANCE CHARACTERISTICS HELICAL INDUCTION EM PUMP 
(9 lb/set Design) 

Fluid 

316 Stainless 
T-111 Duct Steel Duct 

Potassium Potassium 

Fluid Temperature (OF) 1000 1000 

Flow Rate @PM) 90.7 90.7 

Developed Pressure (PSI) 240 240 

Power Output (KW) 9.47 9.47 

Power Input (KW) 43 40 

Efficiency (%) 22 23.5 

Input (WA) 98 102 

Power Factor (%) 44 39 

Weight (lbs.) 775 745 

Winding Temperature Rise - Hot Spot ("F) 300 300 

Winding Temperature Rise - Average (OF) 165 165 

Heat Exchanger Requirements 
- Flow (GPM) 8 8 
- Pressure Drop (PSI) 16 16 
- Total Heat Load (KW) 10 10 
- Coolant Inlet Temperature (OF) 650 650 
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TABLE 3. DETAILED ELECTRICAL DESIGN CHARACTERISTICS 
CALCULATED VALUES AT DESIGN POINT 

3.25 lb/set 9 lb/set 9 lb/set 
(T-111 Duct) (T-111 Duct) (316 SS Duct) 

Efficiency (%) 20 22 23.5 

Power Factor .(%) 47 44 39 

Line Current (amps) 145 350 350 

Line Voltage (volts) 145 160 170 

Losses and Power Requirements 
-Stator Winding 12R (KW) 
-Iron Loss (KW) 
-Stator Can Loss (KW) 
-Duct Loss (KW) 
-Hydraulic Loss (KW) 
-Fluid (Slip) Loss (KW) 

-Total Losses (RW) 
-output (KW) 
-Input (KW) 
-Input (KVA) 

3.85 7.1 7.1 
1.0 2.2 2.2 
0.3 0.7 0.8 
3.62 10.0 7.0 
0.52 1.5 1.4 
4.23 12.0 12.0 
13.6 33.5 30.5 
3.42 9.47 9.47 
17.0 43 40 
36 98 102 

Slip 0.44 0.42 0.42 

Winding Current Density (amps/in2) 2550 2800 2800 

Tooth Peak Flux Density (k lines/in2) 48 48 52 

Yoke Peak Flux Density (k lines/in2) 70 65 68 

Center Iron Peak Flux Density (k lines/in2) 79 85 98 

Gap Peak Flux Density (k lines/in2) 14 14 15 
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TABLE 4. DETAILED HYDRADLIC DESIGN CHARACTERISTICS 
CALCUIATED VALIJES AT DESIGN POINT 

3.25 lb/set 9 lb/set 9 lb/set 
(T-111 Duct) (T-111 Duct) (316 SS Duct) 

Velocity of Fluid in Duct (ft/sec) 
- First turn of helix 
- Second turn of helix (average) 
- Remaining turns of helix 

20.2 20.5 20.6 
25.7 28.2 28.2 
31.1 35.8 35.9 

Velocity Head of Fluid in Ducts (psi) 
- First turn of helix 
- Second turn of helix (average) 
- Remaining turns of helix 

1.96 2.02 2.04 
3.18 3.82 3.82 
4.65 6.15 6.19 

Total Hydraulic Loss thru Duct (psi) 36.5 33.9 32.1 

-38- 



TABLE 5. DETAILED THERMAL DESIGN CHARACTERISTICS 
CALCULATED VALUES AT DESIGN POINT 

.--- -- - -. - 

3.25 lb/set 9 lb/set 9 lb/set 
(T-111 Duct) (T-111 Duct) (316 SS Duct) 

Winding Hot Spot Temperature Rise (OF) 

Winding Average Temperature Rise ("F) 

Heat Load from Duct through Thermal 
Insulation (KW) 

Total Heat Load to Coolant (KW) 

Coolant (NaK) Flow Required (GPM) 

Coolant (NaK) Inlet Temperature (OF) 

Coolant (NaK) T mperature Rise (OF) 

Coolant (NaK) Pressure Dlop (PSI) 

275 300 300 

170 165 165 

0.59 1.12 1.12 

6 10 10 

6 8 8 

650 650 650 

50 50 50 

9 16 16 

Heat Generated in Duct and Fluid (KW) 8.4 20.5 18.1 

Fluid (Potassium) Temperature Rise ("F) 12.5 11.3 9.9 
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TABLE 6. DETAILED MECHANICAL DESIGN CHARACTERISTICS 
CALCULATED VALUES (PSI) DUE TO PRESSURE LOADING 

3.25 lb/set 9 lb/set 
(T-111 Duct) (T-111 Duct) 

Frame Structure 
- Design Pressure 25 25 
- Maximum Primary Hoop Stress in Frame 1,062 1,200 
- Maximum Stress in End Shield - Conn. End 19,375 19,740 
- Maximum Stress in End Shield - Opp. Conn. End 12,100 12,860 
- Maximum Bending Stress in Frame 13,530 10,500 

Duct 
- Design Pressure 
- Maximum Primary Hoop Stress in Duct 
- Maximum Stress in End Cap 
- Maximum Bending Stress in Duct 

(primary and secondary) 

350 300 
29,000 26,700 

7,060 7,300 
31,400 26,700 
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TABLE 7. DETAILED WEIGHT CHARACTERISTICS (POUNDS) 
CALCULATED VALUES 

3.25 lb/set 9 lb/set 
(T-111 Duct) (T-111 Duct) (316 SS Duct) 

Stator 
- Magnetic Core 131 306 
- Winding 99 215 
- Frame and Heat Exchanger 67 139 
- Miscellaneous 22 32 

Duct 
- Helical Duct and Wrapper 20.5 28 18 
- Center Magnetic Core 10.5 16 16 
- Inlet/Outlet Connector 23 27 13 
- Miscellaneous 9 12 6 

Total Weight 382 775 745 
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TABLE 8. NPSH RF.QUIRFAlFNTS 

NPSH (psi) 

4 

5 

6 

7 

Maximum Reco 
3.25 lb/set Design 

2.8 lb/set 

3.25 lb/set 

3.6 lb/set 

3.95 lb/set 

4.25 lb/set 

lended Flow 
9 lb/set Design 

7.8 lb/set 

9 lb/set 

10 lb/set 

11 lb/set 

12 lb/set 
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must be limited to about 9 psi. It is unreasonable to add weight to the frame 
to design it for unnecessarily high pressures. The lower limit of 6 psia is 
based on electrical reasons. Because of reduced arc-over voltage of the winding 
and insulation system at pressures below about 6 psi, it is recommended that this 
be the minimum winding cavity pressure at room temperature. This gives a pressure 
of just slightly greater than atmospheric at operating temperature. 

The limitation on net positive suction head is based on cavitation con- 
siderations, using the criterion of requiring an NPSH of at least two velocity 
heads at entrance to the pumping section. This criterion is explored in 
Reference 1 and appears to be reasonably conservative. Flow rates for several 
values of NPSH for each design are based on this criterion. 

At the design point of 1000°F, 240 psi developed pressure, 7 psi NPSH 
and rated f.low (3.25 lb/ set or 9 lb/set) the pump can operate continuously. 
At 1000°F or less it can operate continuously over a range of flow rates from 
45% to 130% rated flow rate, at developed pressures up to 240 psi, as long as 
the NPSH requirements in Table 8 are compiled with. 

The pump can operate for periods of time at 1OOO'F at developed pressures 
up to 250 psi over the same flow rate range as above. At 1300°F the pump can 
also operate for periods of time over the same range of flow rates and up to 
250 psi developed pressure. Of course, the performance will not be as good as 
at the design point. The principal limitation on time of operation is winding 
temperature and duct temperature. These temperatures should not be allowed 
to exceed the recommended limits. By appropriate increases in NaK coolant flow 
rate or decreases in NaK coolant temperature it may be possible to operate con- 
tinuously at some of these other points. 

C. Discussion of Significant Parameters 

There are several significant parameters which were varied in this analy- 
tical study to determine the final design which represents a balance of optimum 
efficiency, maximum reliability, minimum weight and production feasibility. 
The most important parameters once a set of materials and the basic concept have 
been selected, are (1) fluid passage cross-sectional geometry (2) duct wall 
thicknesses and total magnetic gap (3) frequency (4) duct, fluid passage and 
stator diameters (5) duct and stator length and (6) velocity and slip as de- 
termined by the interrelation among frequency, fluid passage geometry and 
diameter. All of these parameters were varied over a considerable range in 
this design study. Several hundred computer runs were made to cover a mul- 
titude of combinations of these variables. 

Fundamentally a helical induction KM pump is a relatively low flux density 
machine due to its large magnetic (air) gap compared to conventional induction 
motors. Large magnetizing currents becane necessary to establish the required 
flux levels in the gap which in turn result in relatively lower power factors. 
Hence, it is desirable to make the gap between the stator core and center iron 
structure as small as possible by keeping the thermal insulation thin, the duct 
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walls thin and the fluid passage height small. Thin duct walls are also de- 
sirable to reduce 12R losses in the duct since these are directly proportional 
to duct thickness. 

Fluid velocity and slip are very important parameters and are established 
by the fluid passage geometry, frequency and diameters. Various combinations 
of these parameters must be investigated to determine optimum values. 

In a study such as this to determine the best design which meets certain 
specification requirements, it becomes quite clear very early in the design 
phase that no sharp optimum exists, Because of the interrelation among so many 
variables, there are several designs which meet the requirements, any one of 
which could be considered optimum by certain individuals. Hence, selection 
of the final design involves a considerable amount of judgment and experience. 

For example, the optimum frequency for these designs occurs over a range 
of about 45 - 70 cps. Frequencies below 45 cps require considerably larger 
diameters for good performance, and hence result in a much heavier unit. Fre- 
quencies above 70 cps require such small diameters that it becomes impossible 
to build besides resulting in poorer performance. 

From about 50 - 65 cps the duct and stator diameters and flow passage 
geometry can be selected such that performance is basically a standoff. 

Based on this, a final frequency of 60 cps was selected as the most 
practical value since this permits a unit to be very easily tested once it 
is built. A special frequency power supply would not be required for testing. 

It is desirable to operate induction EM pumps at relatively high velocities 
and low slip for efficient operation. However, velocity is limited by hydraulic 
loss and RPSH. In addition as the slip decreases the efficiency at the design 
point eventually goes through a maximum, since fluid (slip) loss decreases while 
winding and duct 12R loss increases with decreasing slip. 

Current density, another important design characteristic, since it directly 
affects winding temperature , goes through a minimum as the slip is decreased 
due to the load component of current decreasing while the magnetizing component 
is increasing. It is desirable to select a velocity, slip and corresponding 
flow passage geometry (cross-section and diameter) to give peak efficiency and 
minimum winding current density at the design point. Since these do not occur 
at precisely the same point the final design must provide the proper balance 
between efficiency and current density factoring in hydraulic loss and NPSH. 

The conflict between low NPSH and high velocity in the duct is resolved in 
these designs by employing a dual pitch helical duct. The first two turns of 
the machined helical duct have a relatively large pitch to maintain low velocity 
near the pump entrance where the NPSH is low. Then as pressure is developed in 
the pump the pitch of the helix is reduced for the remaining turns to give a 
higher fluid velocity and more efficient pumping. 
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D. Power Conditioning Requirements 

The final EM pump designs require a three phase 60 cps power supply for 
proper operation. Calculated voltage, current and power requirements are 
shown in Table 9 for each design. 

Typical power systems that might be available in a Rankine cycle space 
electric power system for the EM pump power supply are: 

1) 400 cps - 3 phase - 1003 volts, rms., line-to-neutral 

2) 1200 cps - 3 phase - 1600 volts, rms., line-to-neutral 

There are several means by which the desired voltage and frequency can be 
obtained from these power sources. Dynamic conversion (motor-generator set) 
is undesirable because of the inherent heavy weight of low frequency machinery, 
and the fretting and wear problems of materials. Also, the output frequency 
of the motor-generator set can not be adjusted, The most common static con- 
version method, rectification followed by inversion, has also severe disad- 
vantages; namely, it requires large commutational capacitors and heavy low 
frequency transformers. 

For power conditioning equipment for the EM pump, a "Synchronous Static 
Frequency Divider" with a high frequency transformer is recommended. The 
"Synchronous Static Frequency Divider" reduces the generator frequency to the 
frequency range suitable for the pump. A transformer is used to reduce the 
generator output voltage to the voltage level required by the pump. The 
following sections on pcwer conditioning requirements briefly describes the 
frequency divider, the input transformer, and the control of the pump. The 
numerical values given in these sections refer to the 3.25 lb/set pump. All 
the numerical results are tabulated in Tables 12 and 13 for the 9 lb/set pump. 

1. The Synchronous Static Frequency Divider 

The basic block diagram of a Static Frequency Divider is shown in Figure 18. 
The function of the logic circuitry is to provide the control signal for the 
SCRs in the proper time and sequence. 

a. Silicon Controlled Rectifier Circuit. The section of this device 
incorporating the silicon controlled rectifiers, shown in detail in Figure 19, 
is the circuit which handles the power and produces the low frequency output . 
voltages. These low frequency output voltages are obtained by alternately 
providing a series of positive dc voltages and then a series of negative dc 
voltages from the high frequency three phase input to each phase of the output. 

b. Pulse Generatins Circuits. The rectifier pulse generating circuit and 
the inverter pulse generating circuit are the first elements in the generation 
of the control signals for the SCRs. Rectifier pulses are used for commutation 
within a group of SCRs. The inverter pulses are used for two purposes; to 
promote commutation between the positive and the negative groups of SCRs when 
the load is inductive, and also to drive the counter circuit. 
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Figure 18. Block Diagram Static Frequency Divider. 
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Figure 19. Synchronous Static Frequency Divider. 
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TABLE 9. POWER SUPPLY REQUIREMENTS 

- -  

- I - - - - -  

3.25 lb/set Design 9 lb/set Design 
(T-111 Duct) (T-111 Duct) (316 SS Duct) 

Design Point Flow Rate 
- 20 psi, 1000°F 

VL 
IL 
KWin 
wAin 

145 160 170 
145 350 350 

17 43 40 
36 98 102 

- 240 psi, 1300'F 
VL 170 195 205 
IL 165 355 360 
win 20 45 41 
mAin 48 120 130 

130% Design Point Flow Rate 
- 250 psi, 1000°F 

VL 
IL 
min 
WAin 

185 220 230 
175 400 400 

23 55 50 
55 150 160 

- 250 psi, 1300°F 
VL 220 280 300 
IL 205 485 500 
win 28 75 65 
*Ain 80 240 260 
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Table 10. Summary of Equipment Characteristics for 400 cps Input Frequency. 
(3.25 lb/set) 

a[- POWER CONDITIONING UNIT 
1 

I-- 

3 PHASE TRANSFORMER 

-__.. _-.. .“--.~ - .-I-.. --....-.- I..-.- - . 
WEIGHT: 100 LBS. 

EFFICIENCY: 98% 

KVA RATING: 25 

VOLTAGE RATING: 1000/150 v 

DIMENSIONS FOR ONE TRANSFORMER 
(FIGURE 21) 
A = lo", B = 9", c zz 4" 

OPERATING TEMPERATURE RANGE 

600 - 1200°F 

I 
+f--%z+ .-.._ ._.-___-------.-.-- 
WEIGHT: 35 LBS. 

EFFICIENCY: 97% 

Dnn3NsIoNs (FIGURE 20) 

L = 8" W = 5" H = 10" 

OPERATING TEMPERATURE RANGE 

140 - 200°F 

--__ -.. ..-.---.-_-- _ ---. -.- .--- -.- .---- _ ..^__ -.-._.. -----.---.- . -.. . -- .--- - -~--.-__ 
3 PHASE TRANSFORMER AND FREQUENCY DIVIDER 

OVERALL WEIGHT 135 LBS. 

OVERALL EFFICIENCY 95 % 
-- .-. -_ .- . . . --.- -__. -- 
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Table 11. Summary of Equipment Characteristics for 1200 cps Input Frequency. 
(3.25 lb/set) 

3 PHASE, l.200 CPS 

VOLTAGE: 1000 V L-TO-N 

3 PHASE, 60 CPS 
40 KVA, POWER FACTOR .45 
VOLTAGE: 150 V L-TO-N 
LINE CURRENT: 89 AMPS 

^_.._ --- -*~ 
3 PHASE TRANSFORMER 

WEIGRT: 50 LBS. 

EFFICIENCY: 93% 

KVA RATING: 25 

VOLTAGE RATING: 1000/150 v 

DMENSIONS FOR ONE TRANSFORMER 
(FIGURE 21) 
A = 8", B = 7", C = 3" 

OPERATING TEMPERATURE RANGE 

I 

- -- .i . , .c_ -- ---= ,- .-- 

SYNCHRONOUS 
STATIC 

FREQUENCY 
DIVIDER 

WEIGHT: 35 LBS. 

EFFICIENCY: 95% 

DlMENSIONS (FIGURE 20) 

L = 8" W = 5" H = 10" 

OPERATING TEMPERATURE RANGE 

140 - 200'F 

3 PHASE TRANSFORhBR AND FREQUENCY DIVIDER 

OVERALL WEIGRT 85 LBS. 

OVERALL EFFPCIENCY 93 % 
.-- 
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Table 12. Summary of Equipment Characterietics for 400 cps Input Frequency. 
(9 lb/eec) 

GENERATOR PUMP 

3 PRASE, 400 CPS 3 PHASE, 60 CPS 

98 KVA, POWER FACTOR .44 
VOLTAGE: 150 V L-TO-N 
LINE CURRENT: 217 AMPS / VOLTAGE: , 1000 V L-TO-N 1 

I 
I 

POWER CONDITIONING UNIT 

TRANSFORMER 

1 I 

- 

IIGRT: 240 ms. 

'FICIENCY: 98% 

'A RATING: 60 

ILTAGE RATING: 1000/150 v 

MENSIONS FOR ONE TRANSFORMER 
'IGURE 21) 

= 14", B = 12", C = 5" 

'ERATING TEMPERATURE RANGE 

600 - 1200°F 

I SYNCHRONOUS I 

1 STATIC 
FREQUENCY 

DIVIDER 

WEIGHT: 40 LBS. 

EFFICIENCY: 97% 

mmmoNs (FIGURE 20) 

; = 8" W = 6” H = loo 

IPERATING TEMPERATURE RANGE 

140 - 200'F 

PHASE TRANSFORMER AND FREQUENCY DIVIDER 

OVRRALLWEIG~ 280 LBS. 

OVERALL EFFICIENCY 95% 
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Table 13. Summary of Equipment ChwaCteriatiC8 for 1200 Cp8 Input Frequency. 

--A 

GENXRATOR 

3 PHASE 1200 CPS 

VOLTAGE: 1000 V L-TO-N 

(9 lb/w) 

3PBASE, 60 CPS 
96 KVA, POWER FACTOR .44 
VOLTAGE: 150 V L-TO-N 
LINE CURRFINT: 217 AMPS 

I POWER CONDITIONING UNIT I 

I 3 PHASE TRANSFORNER I 

WEIGHT: 120 LBS. 

EFFICIENCY: 98% 

KVA RATING: 60 

VOLTAGE RATING: 1000/150 v 

DImNSIONS FOR ONE TRANSFORMER 
(FIGURE 21) 
A = ll", B = 9", C = 4" 

WEIQHT: 40 LBS. 

EFFICIENCY: 97% 

DIMENSIONS (FIGURE 20) 

L = 8” W = 6” H - 10" 

OPERATING TEMPERATURE RANGE 

140 -. 200°P j OPERATING TEMPERATURE RANGE 
I 600 - 1200'F 

- t 
3 PHASE TRANSFORMER AND FREQUENCY DIVIDER 

OVERALL WEIGR'I 160 I&S. 

OVERALL EFFICIENCY 95 % 
-.---- -----E---L----I a---- 
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C. Frequency Counter or Divider. The purpose of the counter circuit is 
to generate the on and off pulses, in the desired time sequency to control the 
gating circuit. This counter circuit is a binary coded counter which divides 
the input by the desired frequency ratio. 

d. Gating Circuit. The function of the gating circuit is to provide the 
proper sequency for turning the SCRs on and off by either permitting or 
suppressing the rectifier pulses. 

e. Triggering Circuit. The function of the triggering circuit is to 
provide the triggering signals to the gate of the SCRs. This circuit combines 
and amplifies the gating signals, the rectifier pulses, and the inverter pulses. 

An isometric view of the proposed frequency divider is shown in Figure 20. 
This is a complete unit showing the eighteen SCRs and their mountings, the wiring 
for the SCRs, the logic circuitry, and the box type structure with provision 
made for cooling. The power input and output terminals are also indicated on 
the figure. For a 40 KVA pump, the approximate size of the frequency divider 
is length (L) 8 inches, width (W) 5 inches, and height (H) 10 inches. The 
approximate weight of the unshielded frequency divider is 35 pounds for either 
400 cps or 1200 cps input frequency. 

2. Innut Transformer 

Since the 1000 volt line to neutral voltage is too high to be used to 
drive the EM pump, the power conditioning equipment involves a'transformer to 
reduce the voltage level to that required by the pump. 

With the use of the Synchronous Static Frequency Divider the transformer 
need not be rated to the full load KVA, because of the inherent power factor 
correcting capability of the Synchronous Static Frequency Divider. This 
correction is due to the fact that the energy stored in the magnetic field of 
the load is constantly being shifted by the frequency converter from one low 
frequency phase to another without going back to the transformer. For a 
conservative design the transformer should be rated for a 0.80 power factor. 
The 3.25 lb/set pump requires about 18 KW; the corresponding value of KVA at 
0.80 power factor is 22.5 KVA. The transformer is sized for 25 KVA to 
accommodate the losses involved with the Synchronous Static Frequency Divider. 

1) At 400 cps the weight of a 25 KVA open construction transformer is 
estimated to be 100 lb. at 98% efficiency, 

2) For the same ratings, but for 1200 cps, the estimated weight for the 
transformer is 50 lb. at 98% efficiency. 

The construction of a typical single phase transformer is shown in Figure 
21. The transformer consists of a Hiperco wound core,ceramic insulated nickel- 
clad silver coils and beryllium oxide winding spool. This transformer is not 
restricted to low temperature or low radiation environments. It rejects its 
losses either by radiation to space or to a 600°F coolant. For three phase 
operation, three single phase transformers of this type can be used. The 
approximate dimensions for these transformers are shown in Tables 10 and 11 
and in Figure 21. 
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Figure 20, Isometric View Synchronous Static Frequency Divider. 
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Figure 21. Construction of Single Phase Transformer. 



TABLE 14. EQUIVALENT CIRCUIT PARAMETERS 

9 lb/set Pump 9 lb/set Pump 3.25 lb/set Pump 
(T-111 Duct) (316 SS Duct) (T-111 Duct) 

Ri (ohms) 88.2 98.2 20.6 

Rl (ohms) 0.148 0.148 0.063 

x1 (ohms) 0.816 0.821 0.221 

RC (ohms) 105 105 25.9 

Rdl (ohms) 11.2 18.1 3.35 

Xfl (ohms) 0.131 0.125 0.029 

Rfl (ohms) 1.10 1.27 0.392 

xd2 (ohs) 0.066 0.065 0.014 

Rd2 (Ohms) 18.1 28.4 4.96 

xm (ohms) 1.35 1.36 0.396 

S’ 0.425 0.424 0.465 

S 0.421 0.424 0.444 

I1 (amps) 121 121 144 

Vl (volts) 242 256 82.9 
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3. Control of the Pump 

The 3.25 lb/set pump is rated for 32.8 gpm flow rate, 240 psi developed 
pressure with 1000°F potassium as the working fluid. It is required that the 
pump be able to operate over relatively wide ranges. Both the flow and the 
developed pressure can be controlled by varying the input voltage, or by varying 
both input voltage and frequency. 

a. Voltage Control. Voltage control can be accomplished by placing 
several taps on the transformer. As far as the power conditioning equipment 
is concerned this is a very efficient control. However, the pump efficiency 
deteriorates roughly linearly with flow, i.e., low flow corresponds to low. 
efficiency. Another problem associated with a tapped transformer concerns 
making a switching mechanism which must operate either in hard vacuum or in 
a hermetically sealed gas. These switches generally do not have high loss 
but they do add considerable weight and decrease reliability. 

Voltage control can also be accomplished by electronically delaying the 
firing of the SCRs in the frequency divider to provide a smaller rms voltage. 
This essentially provides the same control as a tapped transformer except it 
is continuous. This approach eliminates the need for the switching mechanism 
required by the tapped transformer. The disadvantage of this method is that 
delaying the firing causes switching losses in the SCRs. For a 400 cps input 
frequency, the switching loss is estimated to be approximately 350 watts, 
whereas for a 1200 cps input frequency the switching loss is estimated to be 
approximately 1000 watts. 

b. Voltage and Frequency Control. The logic circuitry can easily be 
made to yield various frequencies below the 60 cps with negligible weight and 
efficiency penalties. This could allow the pump to operate at a lower fre- 
quency to provide lower flow rates and pressures with efficiencies which might 
approach the 60 cps design point efficiencies. 
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v. APPENDIX 

A. Performance Calculations - Equivalent Electrical Circuit 

Generalized expressions for power output, losses, pump efficiency, developed 
pressure and other basic characteristics are developed and presented in several 
references, in particuiar, References 1, 7, and 8. To design and analyze a specific 
EM pump these basic expressions have to be related to the stator structure, windings, 
and detailed dimensional data for the particular configuration being considered. 
In addition other effects neglected in the generalized expressions such as end 
effects, flux fringing, iron losses, hydraulic losses and etc. must be properly 
taken into account. This is most readily done through the use of an equivalent 
electrical circuit for the EM pump which is the same approach used in induction 
motor design. 

The equivalent circuit used in this design study for each phase of the three 
helical induction EM pump is shown in Figure 8. Its derivation and solution are 
analogous to that for an induction motor as presented in several classical texts 
such as reference 9. The solution of this circuit, is used to determine the com- 
plete performance characteristics for any specific helical induction EM pump. 
Equivalent circuit parameters are calculated in terms of the geometry of the 
specific pump being analyzed, This calculation of parameters, solution of the 
equivalent circuit and translation of the circuit solution into pump performance 
has been programmed for calculation on a digital computer. To determine the three 
final designs for this study many design variations were run on the computer. Ba- 
sic design parameters varied were frequency, duct and stator diameters, stator slot 
and winding geometry, fluid velocity, duct flow passage geometry and stator length., 
Several hundred computer runs were made for each design required to determine the 
final design parameters and geometry. For the final helical EM pump designs se- 
lected, the equivalent circuit parameters in Figure 8, based on computer calcula- 
tions, are given in Table 12, 

The parameters in the equivalent circuit use symbols defined in the nomen- 
clature. Two items which may require further clarification are the leakage re- 
actance term X and the dimensionless parameter .spe 
of stator winding leakage reactance, 

The reactance X 
i! 

consists 
outer duct wrapper leakage reac ante, and 

winding harmonic leakage reactance. 

The dimensionless fijbrameter sp is a function of slip and takes into account 
the fact that the liquid metal is moving through the helical passage at some 
slip s, while the duct separators between the helical flow passages are stationary 
(unity slip). The current in this path flows axially through the moving fluid and 
the stationary separators. Hence s' can be thought of as an effective slip valve 
for the fluid and separators in series. In addition s' takes into account an end 
effect where the liquid metal enters and discharges from the helical passage. 

The calculated results shown in Figures 9 through 17 and Tables, 1, 2 and 3 
for the final designs were obtained using this equivalent circuit and the associ- 
ated computer program,, 
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B. Hydraulic Analysis 

The computer program for the solution of the equivalent electrical circuit 
and calculation of performance includes a calculation of hydraulic loss through 
the pump and factors this into the calculation of overall performance. ,Basically, 
the hydraulic pressure drop through the pump duct can be expressed as, 

2 2 

'h 
UV 

3-p 
hbV 

a2 
(B-1) 

where the first term represents the friction drop through the helical passage 
and the second term represents the hydraulic loss, as a number of velocity heads, 
in entering the helical passage, leaving the helical passage, making a 180' bend 
into the center return pipe and passing through the center return pipe. Friction 
factor, 6 , depends on Reynolds number and Hartman number which are determined 
through use of the following basic equations: 

Dh Bf 
N H 

For the final designs using the high velocity portion of the helical ducts, 
these values become: 

3.25 lb/set 9 lb/set 9 lb/set 
(T-111 Duct) (T-111 Duct) (316 SS Duct) 

Dh (inches) 0.578 0.896 0.884 

Bf (k lines/in2) 13.1 13.7 14.7 

N R 248,000 443,000 438,000 

NH 83 134 142 

These data indicate that flow through the helix is tlirJbulent. 
a curve of *: 

Entering 
as a function of NR + NH as presented in Reference 1, one 

determines the friction factor in the duct to be in .the range of 0.0034 - 
0.0038. To account for curvature and the lower velocity in the first two 
turns of the helix a slightly conservative value of 0.005 was used in the 
computer design calculations. The entrance and exit loss factor, h, was 
estimated as 1.5 velocity heads based 
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on geometry and past experience with similar type pumps. The resulting net 
hydraulic loss at 1000°F from the duct inlet to the duct outlet, as determined 
by computer calculation using equation (B-l), is as follows: 

3.25 lb/set 9 lb/set 9 lb/set 
(T-111 Duct) (T-111 Duct) (316 SS Duct) 

Duct Entrance Loss (psi) 1.8 2.3 2.3 

Loss through Helical Passage 
(psi) 31.6 26.4 24.6 

Helix Exit Loss (psi) 1.3 1.8 1.8 

180' Bend Loss (psi) 1.6 3.0 3.0 

Center Return Pipe & Exit 
Loss (psi) 

Total Hydraulic Loss (psi) 

.2 .4 .4 

36.5 33.9 32.1 

These values were shown in Table 4. 

C. Heat Transfer Analysis 

Temperature of the stator winding is a principal factor in limiting 
output. It is a function of the liquid metal and duct temperature, winding 
current density, cooling system and the geometry and thermal characteristics 
of the pump structure. The temperature rise of the winding can be determined 
through the use of an equivalent thermal circuit. Solution of an equivalent 
thermal circuit for a liquid cooled helical induction pump with a heat ex- 
changer around the frame as in this case has been programmed on a digital 
computer. The results of calculations at the design point using this program 
for the final pump designs described in this report were as follows: 

3.25 lb/set 9 lb/set 

Winding Hot Spot Temperature Rise 275°F 300'F 

Winding Average Temperature Rise 170°F 165°F 

These results represent the temperature rise above average coolant 
temperature. For average NaK coolant temperature of 675OF the actual winding 
temperatures become 

3.25 lbjsec 9 lb/set 

Winding Hot Spot Temperature 950°F 975'F 

Winding Average Temperature 845'F 840JF 
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These results are based on assuming that the entire heat load flows through the 
stator core to the heat exchanger which is conservative, since some heat will 
beconvected or radiated from the winding end turns. The accuracy of these 
results is limited primarily by the accuracy of the thermal resistivities used 
in the computer program; in particular, the resistivity of the thermal insula- 
tion between the duct and stator and the electrical insulation between the 
conductors and stator iron. These thermal resistivity values among others 
are tabulated in Appendix E, Design Data and Physical Properties. 

The total heat load transmitted to the cooling system consists of the 
stator losses plus the heat load from the duct through the thermal insulation. 
For the design point with the liquid metal at 1000°F and an average NaK coolant 
temperature of 675'F the heat load from the duct, stator losses and total heat 
load are as follows: 

3.25 lb/set 9 lb/set 9 lb/set 
(T-111 Duct) (T-111 Duct) (316 SS Duct) 

Heat Load From Duct Through 
Thermal Insulation, KW 0.59 1.12 1.12 

Winding (12R) Losses, KW 3.85 6.39 6.43 

Iron Loss, KW 1.0 2.0 2.0 

Total Heat Load, KW 5.44 9.51 9.55 

Based on these heat loads the heat exchanger requirements can be established. 
Typical calculation for the 3.25 lb/set pump is as follows. 

If the average coolant temperature desired is 675"F, then for a coolant 
inlet temperature of 650°F the outlet temperature must be 700°F giving a 
coolant temperature rise through the heat exchanger of 50°F. The required 
NaK coolant flow is given by 

3413 $1 

' = C ,iT 
P 

where 

% = heat load in KW 

c -- specific heat of NaK in 
Btu 

P lb 'F 

(C-1) 

Q -- NaK coolant flow rate in lb/hr 
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Using a conservative value of 6 KW for the heat load, one calculates 

Q = 3413 (6) = 

.21 (50) 
1950 lb/hr Z 5 gal/min 

This is the minimum required flow for this heat load and temperature rise. For 
additional design margin and conservatism let us specify 6 gal/min required. 
For parallel flow with inlet at each end of the heat exchanger and outlet at 
the center, the recommended minimum flow is 3 gal/min per half. For the given 
3.25 lb/set design, the coolant pressure drop through the heat exchanger is 
calculated as follows: 

Area of coolant flow passage, AC = .25 x .45 = .1125 in2 

Hydraulic diameter, Dhc = 1 4 4C.1125) = .322w 

Velocity of coolant, vc .32(3) 
=.1125= 8.54 ft/sec 

2 
UV 

Velocity head, c ' 49.4(6.54)2 
2g 

= 64.4 x 144 = .388 psi 

uv D 
Reynolds number, N c c hc = 

R 
pC 

= 76,800 

For this Reynolds number, the friction factor, d , is approximately 0.005 
which gives a pressure drop through one half the heat exchanger of 

2 
Q v c c 

- = 8.3 psi 
2g 

To account for approximately 1 to 2 velocity heads lost at entrance to 
and discharge from the helical heat exchanger let us specify 9 psi pressure 
drop. Therefore, the heat exchanger requirements are a total flow of 6 gpm 
at 9 psi pressure for a parallel flow heat exchanger as shown in the final 
designs. A similar calculation was performed for the 9 lb/set designs to 
establish their heat exchanger requirements at 6 gpm, 16 psi. 

Also of interest is the temperature rise of the primary liquid metal, 
potassium, through the EM pump duct. For the 3.25 lb/set pump this is cal- 
culated as follows: 

341xqf 1 
ATf = c 

P Qf 
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where 

qf = total heat generated in duct and fluid less heat conducted through 
thermal insulation 

qf = Kwdl + Kwd2 + mf+ Kwh - KWti 

qf = 2.34 + 1.29.+ 4.22 + .52 - .59 = 7.78 kw 

ATf = 
3413 (7.78) 

.181 (3.25 x 3600) = 12*50F 

This rise is quite insignificant compared to the 1OOO'F fluid temperature. 
By a similar calculation, the rise for each of the 9 lb/set designs is as follows: 

T-111 Duct 316 SS Duct 

qf 
19.33 Kw 16.97 KW 

ATf 11.3OF 9.9'F 
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D. Mechanical Design Calculations 

This section of the Appendix Contains the Detailed mechanical analysis 
and calculations required to verify the structural integrity of the 3.25 lb/set 
helical EM pump design shown in Figure 1. References 10, 11, 12, 13, 14, 15, 
16, 17 and 18 were used in various parts of this analysis. 

Identical calculations were also made for the 9 lb/ set design with similar 
results to those included here. 

The calculations are sub-divided as follows the ease of reference: 

1. Duct 

a. Outer Wrapper 

b. End Cap 

C. Intermediate Cylinder 

d. Inner Cylinder 

e. Helix 

f. Inlet/Outlet Pipes 

2. Frame and Heat Exchanger 

a. Internal Pressure 

b. Outer Shell - Connection End - Inconel 

C. Outer Shell - Hastelloy B 

d. End Shield - Connection End - Inconel 

e. Outer Shell - Opp. Connection End 

f. End Shield - Opp. Connection End 

g. Heat Exchanger 

h. Heat Exchanger Wrapper 
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The following list of symbols applies to this Appendix section only: 

C - Distance of fiber from centroid - inch 

D - EL 3/12 (1 - V2) - inch lb 

d - Diameter - inch 

E - Modulus of Elasticity - lb/sq in 

I - Moment of Inertia - (inch)4 

MO 
- Moment at End - inch lb/inch 

m - l/v 

P - Pressure - psi 

R,r - Radius - inch 

T - Temperature - OF 

t - Thickness .- inch 

vO 
- Shear Force at End - lb/inch 

a - Coefficient of thermal expansion - in/in/OF 

B - [3(1-V2) / R2t2J114 - (inch)-' 

6 - Deflection or expansion - inch 

Ad - Differential deflection or expansion - inch 

x - Identical to S 

V - Poisson's ratio - dimensionless 

CJ - Stress - psi 

Subscripts 

1 - Refers to head 

2 - Refers to shell 

H - Hastelloy 

h - Hoop (stress) 
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I - Inconel 

i - Inside (radius) 

P - Longitudinal (Stress) 

0 - Outside (radius) 

P - Punching 

r - Radial (stress) 

t - Tangential (stress) 

1. Duct 

The duct material is T-111 alloy. At the design temperature of 1300"F, the 
10,000 hour stress rupture value is over 80,000 psi. Thus, the design thicknesses 
are limited by fabrication considerations rather than by stress values. 

a. Outer Wrapper 

(1) Primary Pressure Stress 

From Reference 10, the longitudinal membrane stress is: 

350 x 2.019 (D-1) 
2 x .062 

O% = 5699 psi 

The hoop stress is: 

‘sh = 2 01 = 11,398 psi 

(2) Stress Due to Shrink Fit of Wrapper Over Helix 

The wrapper will be assembled over the helix with an approximate 
0.002 inch interference fit. From Reference 10, this radial displacement is: 

6 = ; (ah- voj!) (D-2) 

and oh = 20~ Thus, 

6 = R/E (2-'401 
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Substituting known values: 

.002 = 
2.019 x 1.7 

24.8~10~ ' 

Y = 14,451 psi 

'h 
= 28,902 psi 

(3) Stress Due to Discontinuity at End Cap 

From Reference 10 the moment due to the discontinuity is: 

)L2 D2 
+ 2 PR2 h3 Et1 D2 

MO z 
(1 + V) Et2 (.1-l/2 V) [Et1 + 2 R D2 h3 1 (l-v)] 

2x-t 
2 R h2 D2 AEtl 
Dl (1 + v) - Et1 + 2 D2 Ad R (l-v)] 

where: 

x = R2 t2 = 3.6331 

Et3 
D = 

12(1-V2) 

(D-4) 

(D-5) 

Dl = 283,883 

D2 = 541.26 

Substituting known values: 

MO = 18.8275 in-ib/in 

2 R ha D2 

I 

PR3 A2 D 2 
- Dl (1 + V) 4 Dl (1 + V) 

V. = 124.335 lb/in 

The stresses due to these reactions are: 

(D-6) 

(D-3) 
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Moment 

(4) 

uj = -6 MO = 
t2 

-29,387 psi 

(3h = 2 MO x2 R 
t 

= 16,185 psi 

Force 

01 = 1.932 v, 

Lt2 
= 17,201 psi 

u _ -2 V, h R = 29,420 psi 
h- t 

Stress Due to Discontinuity at Connector 

(D-7) 

(D-8) 

(D-9) 

(D-10) 

As the worst case, the outer wrapper will be assumed to be 
built in. Thus, from Reference 12: 

n6= PK.4 82 (D-11) 

(D-12) 

= 3.6331 (D-13) 

At P = 350 psi, 

MO = 13.26 in lb/in 

v. = -96.34 lb/in 

And 

cl 
t 

f VUJ (D-14) 

(D-15) 

Substituting known quantities: 

u = At OD At ID 
-21,401 20,694 

crt = -21,401 19,988 
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(5) Stress Summary - Duct Outer Wrapper 

Helix Area 

Pressure 5,699 11,398 

Shrink Fit 14,451 28,962 

These stresses are interdependent and not combined. As the pressure 
increases, the shrink decreases as do their stress components. 

At End Cap 

Primary Pressure 5,699 11,398 

Secondary Moment -29,387 16,185 

Secondary Force 17,201 -29,420 

Total -6,488 - 1,837 
(Primary and Secondary) 

At Connector 

At OD 

Primary Pressure 

O% 

5,699 

oh 

11,398 

Secondary Bending -20,694 -21,401 

Total -14,996 -10,004 
(Primary and Secondary) 

At ID 

9 uh 

Primary Pressure 5,699 11,398 

Secondary Bending 20,694 19,988 

Total 26,391 31,385 
(Primary and Secondary) 

These stress values are within acceptable limits. 
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b. End Cap 

(1) Primary Pressure Stress 

The stress values for a circular plate, edges supported with a 
uniform load over the entire surface are given in Reference 16 as: 

and 

-3 P ro2 (3 m + i) - (m + 3) r2 
0, = 

t2 
7 

0 I l. 8m 

At the plate 

'r = % = 

At the plate 

(5 =o r 

(~-16) 

(D-17) 

center, the stresses are a maximum, r = o, 

-7,062 psi 

OD, r = r. 

ut = -2,996 psi 

(2) Stress Due to Discontinuity at Outer Wrapper 

From before, the reactions are 

MO = 18.8275 in-lb/in 

V. = 124.335 lb/in 

The stresses resulting from these reactions are: 

Moment 

Is 
r 

= Ut = 7 = -452 psi 

Force 

ut = 0 

u r 
= vo/t = 249 psi 
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,- 

(3) Stress Summary - Duct End Cap 

At Center 

Primary Pressure 

Secondary Moment 

Secondary Force 

Total 
(Primary and Secondary) 

(5 
r 

-7,062 

-452 

249 

-7,265 

U 
t 

-7;062 

-452 

0 

-7,514 

At OD 

(5 (5 
r t 

Primary Pressure 

Secondary Moment 

Secondary Force 

Total 

0 -2,996 

-452 -452 

249 0 

-203 -3,:448 

These stress values are within acceptable limits. 

C. Intermediate Cylinder 

(1) Primary Pressure Stress 

u- = 

(5 = 

(5 = 
t 

PR -240 x 1.308 
2t= 2 x -06 

-2616 psi 

2 01 = -5232 psi 

(D-18) 

(2) Stress Due to Bending of Separators 

The moment caused by the bending of the separator is 

116 = 23.099 in-lb or 2.7476 in-lb/in 

The stress in the cylinder due to this moment is, from Reference 10: 

0% = - =-6x2.7476 
-6Mo 

t2 (.06)2 
(D-19) 

OR = f 4,579 psi 
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2 MO x2 R 

oh = t 

= 21.05 (D-21) 

(D-20) 

u _ -- + 2 x 2.7476 x 21;05 x 1.308 
h 

= 
.06 

2523 psi 

(3) End Reaction 

For a cylinder with fixed ends, external pressure, Reference 15 
gives the reactions as: 

MO 
= P/2 82 = -5.70 in-lb/in (D-22) 

VO =-P/B = 52.306 lb/in (D-23) 

The stresses due to these reactions are: 

At OD At ID 

01 9,500 -9,500 

(5 
t 

9,814 -9,168 

(4) Stress Summary - Duct Intermediate Cylinder 

Under Helix 

Pressure 

0% 'h 

-2,616 -5,232 

Moment f4,579 f7,755 

Total -7,195 -12,987 

At Ends - ID 

Primary Pressure 

a% Oh 

- 2,616 - 5,232 

Secondary Bending - 9,500 - 9,186 

Total -12,116 -14,118 

At Ends - OD 

Primary Pressure -2,616 -5,232 

Secondary Bending +9,500 +9,814 

Total 6,884 4,582 

These stress values are within acceptable limits. 

-73- 



d. Inner Cylinder - Duct 

(1) Primary Pressure Stress 

240 x .815 
2 x .06 

= 1,834 psi 

'h 
= 2 Ua = .3,668 psi 

(2) End Reaction 

(D-24) 

(D-25) 

s 4 o-v21 

8= R2t2 = 5.8128 (D-26) 

MO = P/2p2 = 3.995 in-lb/in (D-27) 

v, = P/B = -46.449 lb/in (~-28) 

The stresses due to these reactions are: 

0% 

'h 

At OD At ID 

-6,659 6,659 

-6,879 6,439 

(3) Stress Summary - Duct Inn&- Cylinder 

At OD 

Primary Pressure 

02 Uh 

1,834 3,668 

Secondary Bending 

Total 

At ID 

Primary Pressure 

Secondary Bending 

Total 

-6,659 

-4,825 

9 

1,834 

6,659 

8,493 

-6,879 

-3,211 

uh 

3,668 

6,439 

10.,107 

These stress values are within acceptable limits. 
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e. Helix 

As a worst case, it will be assumed that the thread lead is constant at 
0.85 inch. 

The differential pressure across each separator is: 

AP = 
Pxlead =240x0.85 

Length 13 
(D-29) 

AP = 15.692 psi 

The separator is essentially a cantilever beam. The pressure causes 
a maximum moment of: 

M = ~pn(~o i di)(do i "i) (do ; di) 

M = 15.692n (2.217)(.65)(.325) - 23,099 in-lbs 

c = t/2 = .05/2 = .025 in 

I = bd3/12 = 1,12[n (" ; di) t3] = 1.4417 x 10-5 

U=lldc = 27,211 psi 
I 

This stress is within acceptable limits. 

f. Inlet/Outlet Pipes 

(1) Primary Pressure 

350 x .603 = g68 
2 x -109 

Uh = 20~ = 1936 

(2) End Reaction 

y= = 5.0138 B= Rt 

MO = P/2B2 = 6.9615 in-lb/in 

r. = - P/B = -69.807 lb/in 

(D-30) 

(D-31) 

(D-32) 

(D-33) 

(D-34) 

(D-35) 

(~-36) 

(D-37) 

(~-38) 
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The stresses due to these reactions are: 

At OD 

uP -3,516 

'h -3,727 

(3) Stress Summary - Duct Inlet/Outlet Pipes 

At OD 
9 

Primary Pressure 968 

Secondary Bending -3,516 

Total -2,548 

At ID 
0i.f 

Primary Pressure 968 

Secondary Bending 3,516 

Total 4,484 

At ID 

3,516 

3,305 

uh 

1,936 

-3,727 

-1,791 

'h 

1,936 

3,305 

5,241 

These stress values are within acceptable limits. 

2. Frame and Heat Exchanger 

The maximum stress values used in this section are, based on 900°F 

Material U max uy, ( .2%) Reference 

Inconel 14,900 69,200 14 & 18 

Hastelloy B 16,600 39,300 16 & 17 

a, Internal Pressure 

The pump frame qrill be filled with inert gas to 6-9 psia at room 
temperature. During operation, this gas will become heated to a maximum of 900°F. 
This will result in a corresponding pressure of: 
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pO 
= pR To = 9 (900 + 460) 

TR (70 + 460) 
(D-39) 

pO 
= 23.2 psia 

Since this pump is designed to operate in a vacuum, the design pressure 
will be: 

P = 25 psi 

b. Outer Shell - Connection End 

q+ 25 x 5.3125 
2 x .125 = 

- Inconel 

531 (D-40) 

Uh = 29 = 1062 (D-41) 

(2) Reaction at End Shield 

D= 

Dl = 

MO = 

= 1.5774 

Et3 
12(1-VA) 

(D-42) 

(D-43) 

34,341; D2 = 4.293 

PR3 h2 D2 

[. 

2 P R2 h3 Et1 D2 
+ 

‘ml (l+ VI Et2 (l-1/2 V) [Et1 + 2 R D2 x3 (1 - 

2x +2Ri2D2 _ k Et1 

D1 (1 + VI Et1 + 2 D2 x3 R (1-V) 

(D-44) 

Substituting known values 

M. = 56.201 in-lb/in 

2 v + 2 R A2 D2 -PR3 x2 ?2 

VO = MO D1 (1 + '9 4 Dl (1 .+ V) (D-45) 

V, = 95.968 lb/in 

The stresses due to these reactions are: 
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Moment 

-6 Mo - -21 581 
ap=tz- ) 

u p= 2 M, A2 R = 11,886 
t 

Force 

1’g32 ‘O =7 523 f 

-2 vo x R = e12 867 
'h= t , 

(D-46) 

(D-47) 

(~-48) 

(D-49) 

(3) Reaction at Hastelloy B Junction 

A thermal stress is generated at the junction of the Inconel and 
Hastelloy B due to the different coefficients of thermal expansion. This 
differential expansion is 

A6 = A T R (UT - oH) (D-50) 

A6 = 830 x 5.3125 (8.2 - 6.6) lo.+ 

A6 = 7.055 x 10-3 inch 

Each of the two cylinders will be deflected a portion of this 
expansion, in proportion to their moduli of elasticity. Thus: 

6, = ( 2t; 24s8) 7-055 x 1o-3 = 3.4696 x 1O-3 

6, = 3.5854 x 1O-3 

From Reference 12: 

b&-, = 2 x2 D 6 = 73.825 in-lb/in 

vo = 2 l Fdo = -231.55 lb/in 

(D-51) 

(D-62) 

The resultant stresses are: 
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Moment 

ok = 6 h&,/t2 = -28,373 

'h = 2 MO ii2 R/t = 15,551 

Force 

(D-53) 

(D-54) 

up = 1.932 vo 

At2 
= -18,130 (D-55) 

'h = 2 V, AR/t = +31,046 (D-56) 

(4) Stress Summary - Outer Shell - Connection End - Inconel 

At End Shield 

ux 'h 

Primary Pressure 531 1,062 

Secondary Moment -21,581 11,886 

Secondary Force 7,523 -12,867 

Total -13,527 81 

At Hastelloy B 

OR 'h 

Primary Pressure 531 1,062 

Thermal Moment -28,373 15,551 

Thermal Force -18,150 31,046 

Total -45,992 47,659 

The stress values are within acceptable limits. The high stress 
at the Hastelloy B junction is mainly a thermal stress and the Incoqel will 
withstand about 2000 cycles of this magnitude, based on a fatigue evaluation. 



c. Outer Shell - Hastelloy B 

(1) Primary Pressure Stress 

From Equations (D-40) and (D-41): 

O% = 531 psi 

(5 h = 1,062 psi 

(2) Reaction at Inconel Junction 

The moment and force will be equal and opposite to those in the 
inconel shell. Thus, 

MO = 73.825 

vo = 231.55 

Since the material thicknesses and Poisson's ratios are the same, the 
stresses will be equal, but opposite: 

Moment 

Ul = 28,373 

Uh = -15,551 

Force 

0% = 18,150 

Oh = -31,046 

(3) Reaction at Heat Exchanger 

Thus, 
For conservatism, the heat exchanger will be treated as fixed. 

8 = - = 1.5774 (D-57) 

MO 
= P/2 82 = 5.0239 (~-58) 

VO = P/B = -15.849 (D-58) 
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The resultant stresses are: 

ut = f vu P (~-60) 

(~-61) 9 = + 6 MO/t2 

Substituting known quantities: 

At OD At ID 

uP -1,929 1,929 

uh -2,062 1,796 

(4) Stress Summary - Outer Shell - Hastelloy B 

At Inconel 

Primary Pressure 

Thermal Moment 

Thermal Force 

UP 
531 

28,373 

18,150 

oh 

1,062 

-15,551 

-31,046 

Total 47,053 45,535 

At Heat Exchanger 

Primary Pressure 

acq 'h 

531 1,062 

Secondary Rending 1,929 1,796 

Total - ID 2,460 2,858 

These stress values are within acceptable limits. 

d. End Shield - Connection End - Inconel 

(1) Primary Pressure Stress 

The stress values for a circular plate, edges supported, with a 
uniform load over the entire surface are given in Reference 10 as: 
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ur = -3Pr~2 [(3 m +l) (1 -g2)] (~-62) 
8 m t2 

and 

-3Pro2 (3 m +l) - (m + 3) r2 
ut = 

8 m t2 7 
0 1 (~-63) 

At the plate center, the stresses are a maximum, r = o 

ur = (St = -13,970 psi 

At the plate OD, r = r. 

Ur = 0 

(St = -5,927 psi 

(2) End Reaction 

From before: 

& = 56.201 

V. = 95.968 

The resultant stresses are 

Moment 

U, = at = 6 M/t2 = -5,395 

Force 

ut = 0 

(5, = V,/t = 384 

(3) Stress Summary - End Shield - Connection End - Inconel 

At ID 

Primary Pressure 

Secondary Moment 

Secondary Force 

Total 

Ur 

-13,970 

- 5,395 

384 

-18,982 

ut 

-13,970 

- 5,395 

0 

-19,365 
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At OD 

Primary Pressure 

Secondary Moment 

Secondary Force' 

Total 

'r ut 

0 - 5,927 
* 

- 5,395 - 5,395 

384 0 

- 5,011 -11,322 

rhese stress values are within acceptable limits. 

e. Outer Shell - Opposite Connection End 

(1) Primary Pressure Stress 

01 PR/2t 25 x 5.3125 = = 2 x .125 = 531 

uh = 29 = 1,062 

(2) Reaction at End Shield 

h = = 1.5774 

D = 
Et3 

12(1-V2) 

D 1 = 115,900, D2 = 4,293 

Using the same type analysis as before: 

MO = 32.149 

v, = 59.210 

The resultant stresses are: 

Moment Force 

0~ = 12,345 4,641 

(Th = 6,799 -7,939 
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(3) Reaction at Hastelloy B Junction 

end. 
These stresses will be identical with those at the connection 

(4) Stress Summary - Outer Shell - Opposite Connection End 

9 (7 
h 

Primary Pressure 531 1,062 

Secondary Moment -12,345 6,799 

Secondary Force 

Total 

4,641 -7,939 

- 7,173 - 77 

These stress values are within acceptable limits. 

f. End Shield - Opposite Connection End 

(1) Primary Pressure Stress 

From Reference 14 the maximum stress is: 

U =u = 3P 
max t 4 m t2 (ro2-ri2) 

[ 

ro4 (3 m +l) + ri4 (m-l) (~-68) 

-4 m ro2 ri2 - 4(m+ 1) ro2 ri2;4, ro/ri 1 
Substituting known values: 

omax = -12,260 psi 

(2) End Reactions 

These reductions are: 

ag = 32.149 

vo = 59.21 

From 2.2, for moment 

6Mr2 

[ 

r2 
ur = 00 

t2 (ro2-ri2) 
1-i 

r2 
(D-69) 
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Ot= 2 
6 Moro2 

t (ro2 - r 2 
i 

Substituting known quantities: 

At r = r, 

ur = 1,375 

Gt = 1,929 

At r - r; 

ur = 0 

% 
= 3,304 

Force 

(D-70) 

'r = V,/t = 158 

5‘t = 0 

(3) Stress Summary - End Shield - Opposite Connection End 

At r = r. 

Primary Pressure 

Secondary Moment 

Secondary Force 

-12,260 -12,260 

1,375 1,929 

158 0 

Total -10,727 -10,331 

U r 

At r = ri 

Primary Pressure 
or 

-12,260 

Secondary Moment 0 

Secondary Force 158 

Total -12,102 

ut 

at 
-12,260 

3,304 

0 

- 8,956 

These stresses are within acceptable limits. 
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ct.- Heat 

(1) 

operating or 

Exchanger 

Differential Thermal Expansion Between Heat Exchanger and 
Stator Punchings 

Assuming a AT Of 650°F, the differential expansion is: 

As = R AT (UR - up) (D-71) 

A6 = 5.3125 x 650 (6.5 - 5.95) x 10m6 = 1.9 x 10e3 in 

Stress Due to Differential Thermal Expansion 

These stresses must be evaluated under two conditions; non- 
room temperature and operating. 'These two conditions impose 

Assume 2 x 10B3 inch interference fit: 

ox = Eb/R(2-V) = 6,030 psi -. \ (D-73) 
i ’ 

oh = 12,060 psi 

6 =; (2-V) a/ (D-72) 

Solving for UA 

CT1 = 15,074 psi 

Uh = 20x = 30,148 

Under operating conditions, the stress due to the interference 
fit will be greatly reduced due to the greater expansion of the heat exchanger. 

differing methods'of loading on the heat exchanger. 

At room temperature, the main loading is due to the interference 
fit. In addition, the pressure is external at about 7-8 psi. Since this 
pressure is opposite to that caused by the interference fit, it will be neglected. 

Assume shrink fit of 5 x 10B3 inch 

(3) Summary - Heat Exchanger 

Some yielding of the heat exchanger may occur during assembly; 
however, under these circumstances, the stresses would be relieved. Any 
sustained stress or yield would not affect the operation of the pump. Thus, 
these stresses are acceptable. 

h. Heat Exchanger Wrapper 

(1) Interference Fit 
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(2) Internal Pressure 

01 = PR/2t = 544 

oh = 20~ = 1,088 

(3) End Reactions 

Using the method of Reference 12: 

8 = 1.559 

MO = 5.142 

V, = -16.034 

The resulting stresses are: 

At OD At ID 

GA -1,975 

uh -2,110 

(4) Stress Summary - Heat Exchanger Wrapper 

At ID 

1,975 

1,839 

Primary Pressure 

Secondary Bending 

Total 

At OD 

OR 

544 

1,975 1,938 

2,518 2,926 

(D-74) 

(D-75) 

'h 

1,088 

Primary Pressure 

UP 'h 

544 1,088 

Secondary Bending -1,975 -2,110 

Total -1,431 -1,023 

These stress values are within acceptable limits. 
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E. Design Data and Physical Properties 

(References 1-6, 15, 16, 18, 19 & 20) 

1. Potassium Properties 

a. electrical resistivity, (51 in) 

b. density, (lb/ft3) 

C. specific heat, (Btu/lb'F) 

d. thermal conductivity, (watts/OF in) 

e. viscosity, (lb/hr ft) 

2. Duct Properties - T-111 alloy 

a. electrical resistivity (* in) 

b. density (lb/in3) 

C. thermal conductivity (w/OF in) 

d. thermal coefficient of expansion 
(in/in OF) (from room temperature) 

3. Duct Properties - 316 stainless steel 

a. electrical resistivity <@I in) 

b. density (lb/in3) 

C. thermal conductivity (w/OF in) 

d. thermal coefficient of expansion 
(in/inOF) (from room temperature) 

900°F 

16.9 

45.4 

0.182 

0.533 

0.45 

17.1 

0.6 

0.9 

4.1 x 10-6 

41.2 

0.28 

0.306 

9.3 x 10-6 

1000°F 

18.9 

44.5 

0.181 

0.513 

0.41 

17.9 

0.6 

0.9 

4.2 x 10-6 

42.6 

0.28 

0.317 

9.4 x 10-6 

1300°F 

26.3 

42.1 

0.184 

0.455 

0.335 

19.7 

0.6 

0.9 

4.3 x 10-6 

47.1 

0.28 

0.35 

9.8 x 1O-3 
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4. Winding Properties 

a. effective electrical resistivity of 
conductor @ 880°F (Ni-clad Ag) 

b. density of conductor 

C. effective thermal conductivity of 
conductor @ 880°F 

d. effective thermal resistivity of 
electrical insulation (ceramic and gas) 

5. Magnetic Material Properties (Hiperco 27) 

a. density 

b. thermal resistivity 

C. core loss factor at 60 cps; .025" thick lamination 

d. thermal coefficient of expansion (77'-800cF) 

6. Other Design Data and Properties 

a. density of lnconel 

b. density of Hastelloy B 

C. electrical resistivity of Inconel can 
@ 900°F 

d. thermal resistivity of foil thermal insulation 

e. thermal coefficient of expansion of Iiastclloy I3 
(320-6000~) 

f. thermal coefficient of expansion of Inconel 
(320-6000~) 

7. MaK Properties (as coolant) 

a. density @ 700°F 

b. specific heat @ 700 OF 

C. viscosity @ 700 OF 

2.09 IJsl. in 

0.367 lb/in3 

8.15 w/"C in 

75 OC in/w 

0.285 lb/in3 

0.875 'C in/watt 

5 watts/lb 

5.96 x IO6 in/in OF 

0.31 lb/in3 

0.33 lb/in3 

41 & in 

2OO'C in/iiatt 

6.4 in/in "E 

7.5 x 10 -6 r.n/inOF 

49.4 lb/ft3 

0.21 Etn/lb OF 

0.53 lb/hr ft 
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